Antimicrobial peptides are important effectors of innate immunity throughout the plant and animal kingdoms. In the mammalian small intestine, Paneth cell α-defensins are antimicrobial peptides that contribute to host defense against enteric pathogens. To determine if α-defensins also govern intestinal microbial ecology, we analyzed the intestinal microbiota of mice expressing a human α-defensin gene (DEFA5) and in mice lacking an enzyme required for the processing of mouse α-defensins. In these complementary models, we detected significant α-defensin-dependent changes in microbiota composition, but not in total bacterial numbers. Furthermore, DEFA5-expressing mice had striking losses of segmented filamentous bacteria and fewer interleukin 17 (IL-17)-producing lamina propria T cells. Our data ascribe a new homeostatic role to α-defensins in regulating the makeup of the commensal microbiota.
Humans and other animals exist in continual contact with a diverse array of microbes, and their mucosal surfaces are colonized by a complex microbiota. This commensal microbiota is vital to many physiological and homeostatic functions and has important roles in host defense through colonization resistance 1, 2 and by promoting the development and regulation of the mucosal immune system 3, 4 . Analyses with 16S rRNA technology have demonstrated the complexity of the intestinal tract microbiota [5] [6] [7] and have demonstrated that the host can influence this microbial ecosystem [8] [9] [10] [11] [12] [13] .
Although the intestinal microbiota contributes to host protection, the host must rely on multiple immune defense mechanisms to avert microbial disease. At the mucosal interface, the epithelium serves as a key arm of the immune system by providing a physical barrier and by secreting various antimicrobial factors, including antimicrobial peptides 14, 15 . In the lumen of the small intestine of humans and other mammals, Paneth cell-derived α-defensins (also called crypt defensins or cryptdins) are predominant antimicrobial factors 16 that are effective mediators of the host defense against enteric bacterial pathogens [17] [18] [19] . Mouse α-defensins are synthesized as inactive propeptides and must be cleaved and activated by matrix metalloproteinase 7 (MMP7 (A001477); also called matrilysin) 20 . In addition to their host defense role, α-defensins may have an undocumented homeostatic role in establishing and maintaining the intestinal microbiota.
To examine the possibility of that homeostatic role for defensins, we used 16S rRNA technology to analyze the intestinal microbiota in two complementary mouse models: DEFA5-transgenic mice 18 , which express physiologically relevant amounts of human Paneth cell α-defensin 5 (DEFA5; also called HD5) in mouse Paneth cells, and MMP7-deficient mice 17 , which lack the enzyme needed for processing and activation of mouse Paneth cell α-defensins and thus serve as a model of α-defensin deficiency in the small intestine lumen. Our data provide direct evidence that Paneth cell α-defensins have a key role in shaping the composition of the microbiota of the small intestine. Furthermore, we observed that α-defensin-dependent changes in the microbiota modulated mucosal immune responsiveness. Given investigations demonstrating the involvement of Paneth cells in the pathogenesis of Crohn's disease 21, 22 and lower expression of Paneth cell α-defensins in patients with ileal Crohn's disease 23 , our findings support the hypothesis that α-defensin deficiency may contribute to the host-microbe dysbiosis and enhanced inflammatory responsiveness associated with the pathogenesis of inflammatory bowel disease.
RESULTS

Microbial composition of the small intestine
Studies of the intestinal microbiota are inherently complex, and oftenneglected experimental variables such as husbandry, parental genotypes and environmental influences must be carefully controlled. Here, we mated hemizygous mice (+/-) expressing the DEFA5 transgene on an FVB genetic background to produce mixed litters of mice expressing zero (-/-), one (+/-) or two (+/+) copies of the DEFA5 transgene. Similarly, we mated Mmp7 +/mice on a C57BL/6 (B6) background to generate Mmp7 +/+ , Mmp7 +/and Mmp7 -/offspring. We detected similar amounts of mRNA transcripts encoding Paneth cell effector molecules in the genetically altered mice and their wild-type counterparts ( Fig. 1) , which provided evidence that the genetic manipulation did not globally affect Paneth cell gene expression.
To analyze the bacterial composition of the microbiome of the small intestine, we isolated total genomic DNA from the distal 15 cm of the small intestine of each individual mouse. We amplified full-length 16S rDNA sequences from these samples, generating a pool of PCR products representing the entire complex mixture of bacteria 24 . We then sequenced subclones and analyzed them with the Ribosomal Database Project II (RDP) classifier ( Supplementary Table 1a ,b). To estimate microbial diversity, we determined Shannon diversity indices ( Table 1) , rarefaction curves and operational taxonomic unit abundance ( Supplementary Fig.  1a-d) at the phylum and class levels using the computer program DOTUR (distance-based operational taxonomic unit and richness) 25 . We calculated the percentage of coverage in each genotype community by Good's coverage ( Table 1) . This calculation showed excellent coverage at the phylum level (≥98.5% in all groups), consistent with the results of the rarefaction curves ( Supplementary Fig. 1a-d) . Overall, the percentages for each class of bacteria showed a predominance of two phyla, the Firmicutes and Bacteroidetes, consistent with published investigations 8, 26, 27 (Table 1) .
Analysis of sequences from individual DEFA5-transgenic (+/+) mice compared with those from wild-type littermate controls showed a significant shift in microbial composition ( Table 1 ). The percentage of Firmicutes was significantly lower and the percentage of Bacteroidetes was significantly higher in the DEFA5-transgenic (+/+) mice than in wild-type controls. In contrast, we detected a significantly higher percentage of Firmicutes and a significantly lower percentage of Bacteroidetes in defensin-deficient Mmp7 -/mice than in Mmp7 +/+ mice. The lower percentage of Firmicutes in DEFA5-transgenic mice was attributable to losses of Clostridia, Bacilli and Erysipelotrichi, whereas the higher percentage in Firmicutes Mmp7 -/mice reflected a relatively selective increase in Clostridia. Significant differences between the microbial populations were also evident by the UniFrac computer program with a P test and a UniFraC significance test (P ≤ 0.01). Community comparisons produced the clustering relationships and associated heat maps for the DEFA5-transgenic and wild-type mice ( Fig. 2a ) and the Mmp7 -/and Mmp7 +/+ mice (Fig. 2b) . These data indicate that the composition of the endogenous microbiota is genotype dependent in these two models and that there are reciprocal differences in the defensin-overexpressing and defensin-deficient mouse models.
An inversion of the Firmicute/Bacteroidetes ratio, with more Firmicutes than Bacteroidetes, has been associated with obesity in both animals and humans 9, [26] [27] [28] . In addition, blooms of Mollicute populations, a subclass of the Tenericutes, have been noted in obese animals 28 . We did not detect Mollicutes in DEFA5-transgenic or wild-type littermates, but Mmp7 -/and Mmp7 +/+ littermates contained Mollicutes, with a greater abundance in the Mmp7 -/mice. Nevertheless, we did not see evidence of obesity or greater weight in the Mmp7 -/mice compared with their Mmp7 +/+ littermates (data not shown), as might be expected from the shifts in their Firmicute/ Bacteroidetes/Tenericute phyla ratios. Likewise, we saw no weight differences between DEFA5transgenic and wild-type littermates (data not shown). One caveat is that we analyzed bacteria specifically in the small intestine, whereas other studies have analyzed feces, and it is possible that the influences of changes in the microbiome on body weight are site dependent.
We did a more detailed phylogenetic analysis on pooled clone sequences using ARB software. This provided further insight into differences . Absolute mRNA copy numbers were determined with the same primers and standards for all mouse strains, except that analysis of cryptdin 4 used strain-specific primers ( Supplementary Table 3 ). Gapdh (glyceraldehyde phosphate dehydrogenase) serves as a control. No statistically significant differences were identified. Data are representative of one experiment (mean and s.d. of duplicate assays for each mouse).
between genotypes as well as between the B6 and FVB wild-type strains (Supplementary Fig. 2a) . A detailed analysis of the Bacteroidetes phylum showed a dominance of the mouse intestinal Bacteroides (MIB) group, a common Bacteroides strain found in the mouse intestinal tract 24 , in all mouse models analyzed here. In fact, all Bacteroides identified by subclone sequence in DEFA5-transgenic mice belonged exclusively to the MIB group ( Supplementary Fig. 2b ). However, a subset of the Firmicute-Clostridiae group, Candidatus arthromitus, commonly known as segmented filamentous bacteria (SFB) 29 , was notably absent from the litters of DEFA5-transgenic and FVB mice, although it was highly represented among the Mmp7 -/and Mmp7 +/+ B6 mice ( Supplementary  Fig. 2c ). In addition, in the Clostridium group, the Eubacterium rectale-Clostridium coccoides group, which is closely related to C. coccoides, dominated the DEFA5-transgenic and wild-type FVB mice, whereas Clostridium leptum was the dominant Clostridium species in Mmp7 -/and Mmp7 +/+ B6 mice ( Supplementary Fig. 2c ).
Those analyses of 16S rDNA subclones demonstrated that there were significant reciprocal shifts in the abundance of specific bacterial populations in the two mouse models of altered expression of Paneth cell α-defensins. We sought to further substantiate that observation with a complementary approach that would be more amenable to analysis of experimental variables. We used quantitative real-time PCR 30 with both group-specific and kingdom-specific (Eubacterial) primers for 16S rDNA ( Supplementary Table 2 ), targeting groups covering the dominant bacterial populations in the mouse intestinal tract 24 . However, there are inherent limitations with this approach 30 . For example, several of the bacterial groups analyzed were in the Firmicute phylum (SFB, Lactobacillus, C. leptum and E. rectales), but primers that provide complete coverage of this bacterial phylum are not available. Nevertheless, we observed similar differences in the proportions of bacterial groups present in mice of each genotype by sequence analysis of subclones and quantitative real-time PCR approaches ( Fig. 3a,b) . Specifically, we observed a greater proportion ( Fig. 3a,b ) and abundance ( Fig. 3c) of the Bacteroides and MIB groups in DEFA5-transgenic mice than in wild-type FVB mice. Although those trends were entirely consistent with the shifts determined by subclone sequence analysis ( Table 1 and Fig. 3a ), unlike the significant differences observed by subclone sequence analysis, the differences detected by quantitative real-time PCR did not achieve statistical significance. This probably reflects the noted limitations of relying on selective PCR primers to accurately capture a bacterial phylum.
However, the effect of MMP7 deficiency on the microbiota was significant, as measured by the quantitative real-time PCR approach. There were significantly lower proportions ( Fig. 3a,b ) and abundance ( Fig.  3d ) of both the Bacteroides and MIB groups in Mmp7 -/mice than in Mmp7 +/+ B6 mice. Mmp7 +/-B6 mice contain enough MMP7 enzyme to process prodefensins and therefore have normal amounts of processed Paneth cell α-defensins 17 . Consistent with that finding, the microbiota of Mmp7 +/-B6 mice was equivalent to that of Mmp7 +/+ B6 mice ( Fig.  3d ). Although these data provide additional support for our hypothesis that the composition of the intestinal microbiota of mice is dependent on the presence or absence of mature Paneth cell α-defensins, a caveat must be noted. Along with its role in processing Paneth cell α-defensins that are secreted into the lumen of the small intestine, MMP7 has been shown to have other extraintestinal and intestinal roles 20, 31 , including epithelial repair and transepithelial influx of neutrophils 32 , as well as activation of other enzymes. Although many of these roles are outside the gut lumen and are often associated with infection and inflammation, we cannot rule out the possibility that the loss of MMP7 has more obscure effects that could indirectly contribute to shifts in the biota. and littermate controls (WT); sequence data assigned by the RDP classifier were used for the comparison of microbial communities and generation of heat maps. For each mouse, the number of sequences in each phylum was normalized to the total number of sequences obtained for that mouse, which produced a percentage used as the matrix for generating the heat map. Colors in key indicate the percentage of sequences in each phylum (0% (red) to 100% (green)). Data are representative of experiments in which each mouse represents a single experiment. 
Loss of SFB in DEFA5-transgenic mice
The most unexpected finding in the DEFA5-transgenic and wild-type FVB mice was observed for the Firmicutes, in the group of bacteria known as SFB. This morphologically distinct bacterium has been identified in the intestinal tracts of several animal models, including mice 24 , rabbits 33 and chickens 34 , but cannot be cultivated. SFB is the only bac-terial species that has been shown to directly contact the epithelium of the small intestine in these animal models. Abnormal expansion of this bacterium has been noted in immunoglobulin A-deficient mice 13 , and its continuous presence in the small intestine has been associated with the inability to produce immunoglobulins 35 . Quantitative PCR analysis showed an absence of SFB from the distal small intestine of DEFA5-transgenic and wild-type FVB litters, with results consistently below the reliable limits of detection by this assay (Fig. 3b,c) .
Initially, we considered the possibility that mice of the FVB background might lack SFB. However, analysis of the small intestines of litters from vendor-obtained FVB parents by fluorescence in situ hybridization (FISH) 36 demonstrated abundant SFB associated with the mucosa (Fig. 4a) . In addition, in isolated breeding colonies of wild-type FVB mice in our facility, parent and offspring mice maintained a consistent presence of SFB in the small intestine. In contrast, FISH analysis of DEFA5-transgenic (+/+) and wild-type offspring of crosses of DEFA5-transgenic (+/-) parents showed a complex mixture of morphologically diverse bacteria embedded in the intestinal mucus, closely approaching but not touching the epithelial cell layer. However, all of these mice completely lacked detectable SFB (Fig. 4a) .
We reestablished SFB colonization in the wild-type offspring of DEFA5-transgenic (+/-) parents described above by oral gavage with feces containing SFB (Fig. 4a) . This suggested that commensal biota may be established in part by coprophagy. However, similar gavage of DEFA5-transgenic (+/+) mice did not result in more intestinal SFB colonization (data not shown). Notably, the wild-type offspring of crosses of DEFA5-transgenic (+/-) parents initially lacked detectable SFB at 5 weeks of age, but when interbred in cages separated from their DEFA5transgenic-expressing parents and littermates, these mice generated litters containing SFB. However, in crosses between DEFA5-transgeneexpressing offspring of the DEFA5-transgenic (+/-) parents, progeny did not contain SFB regardless of genotype. Thus, in the absence of selective pressure imparted by ongoing intestinal expression of the DEFA5 transgene, SFB eventually repopulated the intestinal tract in wild-type offspring. In contrast to the results obtained with DEFA5-transgenic mice, the offspring of Mmp7 +/mice retained abundant SFB regardless of Mmp7 genotype (Fig. 4b) .
Maternal transmission of SFB
We hypothesized that the observed loss of SFB in all offspring of DEFA5transgenic (+/-) mice, which occurred regardless of offspring genotype, was due to loss of maternal transmission of this bacterium. To test our idea, we set up breeding pairs of DEFA5-transgenic mice of varying genotypes. We removed the adult male from the cage of the pregnant dam to prevent exposure of the offspring to paternal stool bacteria by coprophagy. When DEFA5-transgenic (+/+) male mice were bred to wild-type female mice, the DEFA5-transgenic (+/-) offspring initially showed the presence of SFB (Fig. 5a) . In contrast, when wild-type male mice were bred to DEFA5-transgenic (+/+) female mice, the DEFA5transgenic (+/-) offspring lacked SFB (Fig. 5b) . Quantitative analysis of SFB abundance by quantitative real-time PCR was consistent with the FISH findings, as SFB abundance decreased from 10% in offspring of wild-type mothers to 0.1% in offspring of DEFA5-transgenic (+/+) mothers (Fig. 5c) . Therefore, it is likely that the smaller amount of SFB in all offspring of the DEFA5-transgenic (+/-) parents was the result of a combination of both the gradual elimination of SFB in the parents in response to DEFA5 and less shedding of this bacterium. This leads to less maternal transmission and less exposure by coprophagy. Together these findings elucidate a direct relationship between the host expression of a single Paneth cell α-defensin (DEFA5) and the fitness of a specific commensal bacterial species in the intestine. They also support the view that Paneth cell α-defensins may exert their greatest affect on mucosa-associated bacteria, as has been proposed for other Paneth cell antimicrobial molecules 37 .
DEFA5 does not influence total bacteria numbers
In contrast to our initial expectations, analysis of total bacterial numbers showed an equal amount of bacteria in each mouse line at each anatomic site ( Fig. 6) . Thus, Paneth cell α-defensins are important for regulating the composition of the microbiota but not the absolute number of bacteria in the intestine. This is consistent with published findings 37 demonstrating that although Paneth cells are able to sense gut commensals via Toll-like receptors, Paneth cells are not involved in regulating total bacterial numbers in the gut. However, both those data 37 and ours refute the commonly held assumption that Paneth cell α-defensins are responsible for the paucity of bacteria in the distal small intestine relative to that in the cecum and large intestine.
Shift in lamina propria T cell populations
Published work has demonstrated that the composition of the microbiome can influence the differentiation of interleukin 17 (IL-17)producing T helper cells (T H 17 cells) in the mucosa of the small intestine 38 . To determine if Paneth cell α-defensins modulate mucosal T cell responses by regulating the composition of the microbiome, we isolated lamina propria lymphocytes (LPLs) from the distal 15 cm of the small intestine of DEFA5-transgenic (+/+) and wild-type FVB mice. We stimulated LPLs with phorbol 12-myristate 13-acetate and ionomycin in vitro and analyzed intracellular expression of IL-17A and interferon-γ by flow cytometry (Fig. 7a) . CD4 + T cells from wild-type FVB mice but not DEFA5-transgenic (+/+) mice expressed IL-17A. The fraction of CD4 + T cells expressing interferon-γ was similar in wild-type FVB mice and DEFA5-transgenic (+/+) mice. As the loss of SFB was the most striking finding in the DEFA5-transgenic (+/+) mice, we used the abundance of this bacterium as an indicator of α-defensin-dependent changes in microbiota and examined the effect of these microbial changes on T H 17 cell frequency. We measured the abundance of SFB in the distal small intestine by quantitative real-time PCR in FVB wild-type mice and determined the percent and number of T H 17 cells in the lamina propria of these mice (Fig. 7b) . Wild-type FVB mice with abundant SFB contained significantly higher percentages and absolute numbers of CD4 + IL-17A + T cells than did wild-type mice with little SFB (Fig.  7b) . LPLs from wild-type mice with undetectable SFB lacked CD4 + T cells expressing IL-17A, like DEFA5-transgenic (+/+) mice. Thus, the DEFA5-dependent composition of the microbiota, as reflected by the SFB load, correlated with percent and number of CD4 + IL-17A + T cells in the lamina propria of the small intestine. It is possible that SFB was directly responsible for the number of CD4 + IL-17A + T cells in the lamina propria, as other bacterial groups analyzed by quantitative real-time PCR in the wild-type mice did not show significant differences in abundance. However, we cannot exclude the possibility that other minor components of the biome influence the abundance of CD4 + IL-17A + T cells. In parallel experiments, we evaluated the abundance of SFB and CD4 + IL-17A + T cells in litters of Mmp7 -/and Mmp7 +/+ B6 mice. Although complete biome analysis by quantitative real-time PCR reflected the same shifts noted in the experiments above (Fig. 3d) , Mmp7 -/and Mmp7 +/+ B6 mice showed similar frequencies of SFB and CD4 + IL-17A + T cell frequencies and numbers (Fig. 7b) . It must be noted that these analyses used unchallenged mice, and the effect of SFB on CD4 + IL-17A + T cell numbers in infected or inflamed mice is yet to be determined. Together these data are consistent with the conclusion that SFB is linked to the presence of T H 17 cells in the lamina propria.
DISCUSSION
The intestinal mucosa, whose epithelial surface consists of a single cell layer, serves as a critical interface between the host and a luminal environment that is teeming with bacteria. Many now-classic studies have established that intestinal microbes are vital to host physiology 1 . Several 80 volume 11 number 1 january 2010 nature immunology subsequent studies have probed the effect of the intestinal bacteria on host gene expression 39, 40 . Other investigations have demonstrated that hosts, including mice 9, 37 , Drosophila melanogaster 10 and zebrafish 8 , are involved in establishing the composition of their intestinal microbiomes. Analyses of interactions between immunoglobulin A and commensal bacteria have shown a dynamic interaction between the microbiota and mucosal immune factors 13, 41, 42 . Thus, the emerging picture suggests that a dynamic and intimate interaction between host and microbiota facilitates mucosal homeostasis and normal host physiology 43 . Here we have identified Paneth cell α-defensins, key effector molecules of intestinal innate immunity, as peptides that markedly alter the composition of the host commensal microbiota.
Published studies have demonstrated that Paneth cell α-defensins have important effects on exogenous pathogenic bacteria in the intestinal lumen 17, 18 . Our present study now demonstrates that alterations in the α-defensin constitution of Paneth cells result in distinct changes in the composition of the indigenous microbiota. The two genetic mouse models used in our study are strongly complementary and have been integral to published studies of in vivo Paneth cell α-defensin function 17, 18 . In these models, the genetic manipulations that alter α-defensin expression do not affect the expression of other Paneth cell effector molecules; however, two caveats should be considered. First, in the MMP7 model, it is possible that the absence of MMP7 in the lumen of the small intestine may result in other veiled effects 20, 31, 32 . Although we cannot rule out the possibility that some of these effects could contribute to the observations noted here, the presence of the DEFA5 transgene resulted in effects reciprocal to those observed in the absence of MMP7. Second, DEFA5 is not normally part of the mouse Paneth cell armamentarium 44 , although the DEFA5 transgene was expressed in physiologically relevant amounts for a mouse Paneth cell 18 . This human α-defensin does not have a clear ortholog in mice and has an antimicrobial spectrum that is somewhat distinct from that of the mouse crypt α-defensins 45 . Those caveats notwithstanding, the data generated with these two reciprocal mouse models strongly support the hypothesis that Paneth cell α-defensins have at least two key roles at the mucosal interface: protection from enteric pathogens and homeostatic control of the intestinal bacterial ecosystem.
This homeostatic role for Paneth cell α-defensins could have considerable implications for the pathogenesis of inflammatory bowel disease. The chronic mucosal inflammation of Crohn's disease is hypothesized to result from an inappropriate and ongoing activation of the immune system driven by the bacterial microbiota in genetically susceptible people 46 . Several studies have characterized abnormalities in the colonizing microbiota in Crohn's disease 46 , which supports the idea that an imbalance in the host-microbe homeostasis at the intestinal mucosa may underlie dysbiosis and disease pathogenesis. Several studies have focused attention on Paneth cells as having a principal role in the pathogenesis of inflammatory bowel disease 21, 22 and intestinal homeostasis 37 . Compared with the amount in normal controls, smaller amounts of Paneth cell α-defensins are found in patients with Crohn's disease involving the ileum 23 , and much smaller amounts are seen in patients with a frameshift mutation in the gene encoding Nod2, the intracellular receptor of muramyl dipeptide. Mutations in this gene underlie the genetic susceptibility to Crohn's disease in approximately one third of patients, mainly those with disease of the ileum. Studies of Nod2-deficient mice have further supported the idea of an association between loss of Nod2 and lower expression of Paneth cell α-defensins 19 .
Here we have shown that alterations in the expression of Paneth cell α-defensins can have a considerable effect on the bacterial composition of the microbiota and that changes in the microbiota in response to DEFA5 expression are associated with changes in the numbers of IL-17A + CD4 + T cells, consistent with a skewing of the mucosal immunological response. Although SFB is probably the organism responsible for the skewing observed in the model system analyzed here, other members of the microbiome may drive similar responses in both mice and humans. Other studies have demonstrated the role of the microbiota in shifting the T H 17 cell-regulatory T cell balance 38 . Thus, loss of DEFA5, either specifically 23 or through global Paneth cell abnormalities 21, 22 , could skew mucosal responses toward a proinflammatory phenotype. In a unifying model linking those findings and our findings with ileal Crohn's disease, lower expression of Paneth cell α-defensins could lead to alterations in the composition of the intestinal microbiota, resulting in or perpetuating the chronic intestinal inflammation associated with the disease.
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